Abstract. Complete understanding of the hydrological functioning of large scale intertropical watersheds like the Lake Chad basin, which become a high priority in the prospect of near future climate change and increasing demographic pressure, require integrated studies of all surface and groundwater reservoirs and their quite complex interconnections. In this respect, detailed hydrological studies of secondary peripheral lakes of these large basins may provide us with interesting small scale analogs of the major waterbodies, which can help disentangling the multiple influences of various forcing factors of the water cycle and 5 its evolution.
its evolution.
We present here a simple method for estimating the annual mean water balance of sub-sahelian lakes subject to high seasonal contrast, and located in isolated regions with no road access during the rain season, precluding continuous monitoring of in-situ hydrological data.
The approach is illustrated by the study of the two lakes Iro and Fitri in the eastern basin of lake Chad, so far unstudied, and 10 also tested on lake Ihotry (Madagascar), extensively studied previously by our group.
We combine the isotopic data (δ 18 O; δ 2 H) that we measured during the dry season with altimetry data from the SARAL satellite mission, in order to model the seasonal variation of lake volume and isotopic composition. The annual water budget is then estimated from mass balance equations using the Craig and Gordon's model for evaporation. We show that the closed-system behavior (precipitation equal to evaporation) can be confirmed for lake Ihotry, whereas we calculate E/I ratios of 0.6 ± 0.3 and 15 0.4 ± 0.2 for Iro and Fitri, respectively, in both cases compatible with water fluxes estimated from nearby gauging stations. In the case of Fitri the estimated output flux is contributing to the groundwater recharge, since the lake has no identified surface outlet.
Finally, we use our data to discuss possible inferences about the hydro-climatic budget of the catchment basins of those two lakes. We show that the average rainfall isotopic composition monitored by IAEA at NDjamena is slightly offset from the 20 two distinct Local Evaporation Lines that we obtain on the two lake-aquifer systems, and that this slight difference may reflect the impact of vegetation transpiration on the basin water budget. We conclude that, while being broadly consistent with
Introduction
In Sahel, the combined effects of population growth, land degradation and changes in rainfall patterns already resulted in a 5 significant deterioration of soil and water resources (UNEP and ICRAF, 2006) . Since the 19th century, the Sahel region suffered from successive droughts and wet periods (Nicholson, 2013) : following the severe droughts that ravaged the region in the 1970s and 1980s, an increase in rainfall pattern has been observed in the central and western parts since the 1990s (Nicholson, 2005; Lebel and Ali, 2009; Ali and Lebel, 2009 ). So far, there is no consensus on precipitation trends for the 21st century (Druyan, 2011; Defrance et al., 2017) , leading to large uncertainties on the evolution of the Sahelian lake systems. In 10 sub-saharian areas, most of these lakes are endorheic systems in which surface runoff accumulates during the rainy season, forming reservoirs for agriculture and human activities. Their vulnerability to changes in climatic conditions make thus the understanding of their hydrological functioning essential to socio-economic previsions. Most studies published so far on these systems face a lack of long-term hydrological monitoring of the watersheds (Sivapalan et al., 2003) . Remote sensing techniques have been developed to compensate for this lack of data, (Liebe et al., 2005; Rodrigues et al., 2012; Gal et al., 2016) in order 15 to determine lake storage capacities or to estimate inflows. In parallel, geochemical and isotopic data can provide independent quantitative constraints to determine lakes dynamic or steady state water balance. Since the pioneer investigations in this domain (Friedman et al., 1964; Dinçer, 1968; Gat and Gonfiantini, 1981) stable isotopes were used extensively, with specific insights in particular on surface-groundwater interactions (Krabbenhoft et al., 1990; Sacks et al., 2014; Bouchez et al., 2016) and evaporative flux characterization (Gibson et al., 2002; Mayr et al., 2007; Gibson et al., 2017) .
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Studies of inter-tropical lakes raise specific difficulties, mainly related to intrinsic characteristics such as the extremely high evaporation rates, added to high transpiration of aquatic vegetation, huge seasonal variations of fluxes and lake level, and seasonal changes in hydrologic configuration resulting from ephemeral swamps and humid zones flooded during the wet season.
Moreover, an even more compelling problem stems from the logistical impossibility to reach the field sites during the wet season, when the tracks network is virtually impracticable during several months. As a consequence, we are generally missing 25 critical data for the recharge period, to infer seasonal ranges of variation, and thus annual average values.
In this study, we present an approach to circumvent these difficulties, based on the combination of dry season measurements of O and H stable isotopes in the lake and surrounding groundwater, with remote sensing monitoring of the seasonal lake level variations using Satellite Altimetry. We test this approach on the two peripheral lakes Iro and Fitri included in Lake Chad basin.
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Understanding the hydrology of Lake Chad, and the origin of its strong surface variability, has been focus of a large number of studies (Fontes et al., 1970; Carmouze, 1969; Olivry et al., 1996; Bouchez et al., 2016) . However predicting its future behavior in response to climate change still remains challenging owing to the complexities of its hydrography, and extremely diverse characteristics of the various compartments of its catchment. We show here that the study of secondary lakes of the same basin, besides their importance for local populations, may provide us with pertinent small scale analogs of Lake Chad itself, and help testing the respective influence of the different forcing parameters and processes, thus constituting potential sentinel systems 5 for future evolutions. In a first part we will show how to combine isotopic data with satellite data to obtain a first annual water balance at lake scale. Then we will see how transpiration and evaporation can affect the isotopic signal and the water balance at catchment scale. (Fig.1) . Iro is close to the outlet of the Bahr-Salamat watershed (195 000 km 2 ), a sub-catchment of the Chari-Logone (90 % of the Lake Chad water supply). Bahr-Salamat takes its source in Darfour (North Sudan) and feeds Lake Iro during the rainy season through a seasonal defluent, Fig.2 (Billon et al., 1974) . Lake Fitri (Fig.3) is the endorheic terminal lake of the Batha catchment (96 000 km2), which lies entirely in the Sahel zone. These two lakes are thus located under two different climates: sahelo-sudanese for Iro, and sahelian for Fitri. They are both characterized by a rainy season between June 15 and September, followed by a dry season, with an annual rainfall of 765 mm yr Fluvial flow rates were measured on the Bahr Azoum, upstream of Iro in the Bahr Salamat catchment (ORSTOM data from 25 1953 25 to 1966 25 , then DREM until 1973 , and upstream of Fitri in the Batha catchment, between 1955 and 1993 (SIEREM data, (Boyer et al., 2006) ).
The rivers (also locally called "Bahrs") flow on the Quaternary deposits of the Chad basin. A few granitic inselbergs outcrop around the two lakes, along with laterite surfaces especially at Iro. The superficial aquifers are imbedded in sand-clays sedimentary deposits. The aquifer is uniformly shallow (5-30 m) around Iro, while the depth increases around Fitri, from the 30 riverbank (10-15 m in Ati) toward the North, down to 50 m at 20 km from the lake (Schneider, 2004) .
The two lakes are surrounded mainly by hydromorphic or halomorphic vertisols (soil map ORSTOM, 1968) . Hydromorphic soils are constantly flooded during the rainy season (Gillet, 1969) which allow flood recession crops (especially sorghum, locally called "berbere"). Vegetation forms acacia-dominated savannah (Acacia seyal and Acacia sieberiana) and combretum sudan savannah (Combretum glutinosum and Terminalia avicennioides) around Iro (Gillet, 1969) , and a steppe with Acacia Senegal and Acacia tortilis at Fitri.
The regions of Guera (lake Iro) and Batha (lake Fitri) each host half a million people (RGPH, 2009) . These lakes form important economic poles in their respective regions with various activities: agriculture, fishing, livestock farming, and more recently, 5 gold mining in the south of Fitri. These multiple activities can be sources of conflict when their distribution area overlap, and also increase pressure on resources.
Materials and methods
Samples were collected for geochemical analyses during two field campaigns, on lake Fitri at the end of February 2015 and on lake Iro in April 2015. At each sampling point ( Fig.2 and 3 ), physico-chemical parameters were measured, and surface 10 and groundwaters were collected for stable isotopes, major ions and
36
Cl analyses. A total of 33 groundwater samples were collected (14 for lake Iro and 19 for lake Fitri) and 4 surface water (2 for each lake). The Bahr Salamat was also sampled upstream of the defluent feeding lake Iro, and one sample from the Chari river was taken upstream of the confluent of the Bahr Salamat. The Batha river was dry at this period.
Stable isotopes measurements were performed at CEREGE using cavity ring-down laser spectrometry (PICARRO L1102-i) for ) were analysed on a dual inlet Delta Plus mass spectrometer, after equilibration with CO 2 (10h at 291K) and H 2 (2h at 291K with a platinum catalyst), for δ In order to survey the lake surface variations, we used Landsat-7 and Landsat-8 monthly satellite images (NASA Landsat Program, 1999 and 2013) . Water level changes can be measured using satellite altimetry. This technique that has been designed to study the water level changes over the oceans, can also be used over lakes and rivers. Since 1992 a large number of altimetry missions have been launched. The nadir altimeter emits pulses towards the nadir and then the measurement of the time taken 25 to receive the echo bounced by the ground gives the distance between the altimeter and the reflecting surface. For continental hydrology, knowing the precise orbit of the satellite, this is then used to determine the water height of the lakes or the rivers (Crétaux et al., 2016) . Altimetry data from AltiKa altimeter onboard the SARAL satellite was used to track the lake level variations between 2013 and 2015. As classically observed in semi-arid zone, (Gaye and Edmunds, 1996; Weyhenmeyer et al., 2000; Lamontagne et al., 2005; Gonçalvès et al., 2015) the groundwater data around the two lakes form two local evaporation lines (LEL), with a slope lower than the GMWL, and the most depleted values plotting on or close to it (Fig.4) . A noticeable feature is that the two lines are very close but nevertheless significantly distinct from each other, with a similar range of variation (between -5 ‰ and 0 ‰ 15 for δ
18
O at Iro, and -5 ‰ and +2 ‰ for Fitri) and similar slopes (5.5 ± 0.3 and 5.2 ± 0.3), but a distinctly lower intercept (Fig.4) . Although the two alignments are well defined, it can be noticed that the data from Fitri show more scatter than those from Iro, especially in the most depleted values (MSWD = 6.0 and 33, respectively). Finally, it must be pointed out that the lakes compositions both plot on Iro's LEL, suggesting direct connection and continuity between surface water (lake and river) and aquifer at Iro, but a more complex situation at Fitri.
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The local meteoric water line (LMWL) closest to our study sites is given by the rain samples collected at the IAEA station of N'Djamena between 1962 and 2015. The data are more or less continuous between 1963 and 2015 : a total of 78 months was recorded. The slope of the alignment is 6.3 ± 0.2 with a large range of variation between -10 and +10 ‰ for δ
18
O. Such a low slope is generally considered as signature of a strong evaporation of the rain droplets during their atmospheric cycle (Dans-25 gaard, 1964; Gat, 1996) . Interestingly, the precipitation weighted average (-3.53 ‰, -18.4 ‰; d-excess=6.5‰) calculated over this period is significantly more enriched than the values found at the intersection between the local meteoric water line and the two LEL of Iro (-5.83 ‰; -36.6 ‰; d-excess=3.9‰) and Fitri (-7.21 ‰; -47.7 ‰; d-excess=-2.6‰) (Fig.4) .
Figure 4 also compares our results with the data published on Lake Chad Northern pool (Fontes et al., 1970) and Southern pool (Bouchez et al., 2016) . All these data lay above the LEL of Iro : data from the Northern pool are very enriched, between -0.8 ‰ Altimetry data show amplitudes between 2 and 3 meters for the lake level variations at Iro for 2013 and 2014 (year 2015 is incomplete). The measured maximum is found in August and September and the minimum in June and May for these two years. For the same period, the amplitude was 2 meters for Fitri, with a maximum in September and a minimum in June (Fig.5 ).
Since the water depth measured during the field campaign at Iro in April 2015 was 2 meters, uniform across the transect, these satellite observations show that the increase in water depth during the wet season was by more than a factor two. By contrast, the free water surface (≈ 100 km 2 ), clearly visible on Landsat 7 and Landsat 8 pictures (Fig.2) , shows only little change during the year. This suggests that the extra 2 meters of water added to the lake in summer are in fact spread over a large area adjacent to the lake itself, covered by vegetation tolerant to seasonal flooding. We think that the slightly lighter color observed on the 10 satellite images around the lake (Fig.2 ) is likely diagnostic of this surface, that we can thus estimate on the order of 600 km 2 (i.e. about six times larger than the dry season lake surface). The related change of volume is of a factor 6, determined by IDW interpolation and assuming a linear decrease of the depth toward the edges.
Similarly, lake Fitri also undergoes large seasonal variations of its surface: more than 1000 km 2 wide during its high level, it can shrink to less than 200 km 2 at its low level (Fig.3) . Based on the bathymetry measured during the second campaign
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(February, 2016) (2.5 meters maximum depth in the western part of the lake), the related change of volume is of a factor 4 for the year 2016.
Discussion
The discussion of our data will be divided in two separate parts. First, we analyze the implications for the determination of the water balance at the local scale of each lake. We intend to show that a reliable estimate of the ratio between evaporation and 20 influx (E/I) can be obtained by combining the dry season isotopic data with the satellite altimetry monitoring of the seasonal cycle. In the second part, we extrapolate the results at the regional scale of the catchment basins, trying to investigate the possible inferences of the isotopic differences between the basins, and the relationships with the rainfall data, for a better characterization of the hydroclimatic regime and inter-twinning between the controlling factors of infiltration, evaporation, transpiration and runoff. 
Water balance of the lakes
In this section, we first recall the basic principle of the determination of E/I and explain our handling of the isotopic budget equations. Then we test the approach on the extensively studied tropical lake Ihotry, in Madagascar. Finally, we apply the same method to the Chadian lakes Iro and Fitri, and discuss the margins of uncertainty on the model results.
The isotopic mass balance of a homogeneous lake at steady state is given by:
Where I is the flux of water flowing in, either as precipitation, surface runoff or groundwater, E is the evaporation flux, and δ I and δ L are the amount weighted isotopic compositions of of influxes and outflux, which can both be measured directly, at least for the surface inflow. δ E is the isotopic composition of the evaporation flux leaving the lake. It is depleted in heavy isotopes relative to the lake, and depends in a large part from kinetic fractionation processes. It is calculated classically by using the Craig and Gordon model (Craig and Gordon, 1965) :
where δ E is expressed as a function of equilibrium (α, * ) and kinetic ( K ) fractionation factors, the relative humidity (h), and the isotopic composition of the atmospheric vapor (δa). The values and the calculation of these different factors were discussed extensively by several authors and are listed in the Appendix. The seasonal variations of h are obtained from regional weather stations. The value of δa can be measured on the field either with a cryogenic trap device (Fontes et al., 1970; Krabbenhoft et al., 10 1990; Salamalikis et al., 2015) , or more recently by laser spectrometry (Tremoy et al., 2012) . Since these measurements remain relatively rare, an alternative is to assume as a first approximation that δa is in isotopic equilibrium with the precipitations, and then discuss the sensitivity of the results with respect to this assumption:
Calculated from steady state values, or from average values integrated over the annual cycle, the E/I ratio allows us to discriminate between lakes behaving as "closed-systems", i.e. where evaporation is the only water output (E/I = 1), and "opensystem" lakes from which water can flow out as surface or underground flow (E/I < 1). Cases where E/I > 1 would indicate lakes that are not in steady state, and are progressively drying out.
This approach has been used extensively in previous studies, (Zuber, 1983; Gibson et al., 1993 Gibson et al., , 2002 Mayr et al., 2007; Yi 20 et al., 2008; Brock et al., 2009 ) especially for inter-comparisons between lakes hydrological budgets at a regional scale, assuming that the seasonal variations of lake level and composition could be neglected compared to the regional gradients (Gibson et al., 2002) . On the other hand, in regions with high seasonal contrast in lake level between wet and dry season, it is essential to have access to annual integrated values in order to solve equation 1. Therefore, regular monitoring of the lake level and isotopic composition, as well as of inflow and outflow measurements, are required. However, for lakes that cannot be monitored for 25 logistical reasons, we show below that a first-order estimate of the water balance can be assessed from dry season isotopic data alone, and lake level satellite data.
Indeed, for any given lake for which the regional values of δa, h and δ I are known, we can calculate the isotopic composition characteristic of the closed-system situation (δ L−closed ), by combining equation 2 with the steady state condition δ E = δ I :
The isotopic composition measured during the dry season, δ L−dry , can then be compared to this δ L−closed value. For a lake where δ L−dry < δ L−closed , we can deduce that the mean annual value of δ L , which is always lower than δ L−dry , is thus also lower than δ L−closed . This means that the lake is "open", with a significant outflow, and the application of equation 1 leads to a maximum value of E/I.
In a second step, a more precise E/I value can be obtained, based on seasonal lake volume variations estimated from satellite data. For this purpose, a model value of the lake's isotopic composition at the end of the wet season (δ L−wet ) is used to the mean annual δ L . The simplest case is that of a closed-system lake, with a negligible flux of evaporation compared to the inflow 5 during the wet season level increase. In this case:
with y = Vwet−V dry Vwet V wet is the maximum volume of the lake at high-stand, and V dry the low-stand volume at the end of the dry season.
10
If the outflow is non negligible during the wet season, and considering constant inflow and outflow (Qin and Qout respectively) during the wet season, the equation becomes:
with γ = 1 − Qout Qin
15
More complex situations with time-variable fluxes and non-negligible evaporation during infilling require using a complete finite-difference model based on a priori assumptions on the respective proportions of the different flows over time:
where all the terms may vary with time, and should be adjusted to fit the observed value of δ L , knowing the time variation of the volume (V) obtained from satellite observations. Our approach using equation 5 and 6 allows us to bracket the seasonal 20 variations of δ L in a much lighter way. The results of this examination are reported in table 1 for lake Iro and Fitri, with calculated values for δ L−closed , δ L−dry , and δ L−wet , and chosen parameters in each case for h, δ a and δ I .
Testing the method : lake Ihotry
We applied the same method to lake Ihotry (SW of Madagascar) as a test of comparison. The hydrologic cycle and isotopic data of this lake were regularly monitored and analyzed during several seasonal cycles, leading to a well constrained hydrological 25 and isotopic model (Vallet-Coulomb et al., 2006a , b, 2008 , thus constituting a valuable benchmark for our approach.
This is a small size lake (between 68 and 115 km 2 ) located in an endorheic karstified limestone watershed covering 3000
in South-West Madagascar (Grillot and Arthaud, 1990 associated hyporeic fluxes for 50%, and 50% by direct rainfall (Vallet-Coulomb et al., 2008) . Water balance analysis shows that lake Ihotry is a closed-system lake, with evaporation representing 99% of the output (Vallet-Coulomb et al., 2006b ). By contrast with Lake Chad, Iro and Fitri, this is a salted lake with a conductivity ranging between 7000 and 23 000 µS cm 
, compatible with the diagnostic of a closed-system lake.
In the case of lake Ihotry, for which we have a regular monitoring of the water flows and isotopic composition over three 
Iro and Fitri
The same approach was applied to lakes Iro and Fitri. The results are shown in figure 7 (green stars for Iro and orange stars for This maximum E/I value can then be combined with the estimated ∆V/Vdry value from satellite data to calculate the range of . Since the lake is endorheic, this flux must be feeding the surrounding aquifers. However, we pointed out above that the isotopic composition of the lake water does not plot on the LEL defined by the groundwater samples (Fig.4) , suggesting that the surface water is in some way disconnected from the aquifers in this case. This question is briefly mentioned again below when considering the basin-scale budget, but would require a more extended study including radioactive tracers. 
Evaluation of uncertainties
In order to evaluate the sensitivity of our conclusions to the choice of values of the three principal parameters used in equation 2 (h, δI and δa), we discuss separately below the influence of each of them on the results. An illustration of this discussion is given in Figure 8 , where δ L−closed and E/I are plotted against δI for various values of δa and h (grey polygon). season, and the other in January during the coldest month. The maximum occurs in May, at the end of the dry season. These variations are interpreted in terms of regional climatology, as a function of continental air masses seasonal displacement, and of the increase in convective activity during summer. In addition to these synoptic effects, atmospheric vapor may also have a significant fraction of local recycling from lake evaporation (Gat et al., 1994) . For Ihotry, Vallet-Coulomb et al. (2008) showed that the lake isotopic balance implies that the isotopic composition of the atmospheric vapor varied between -13.8 ‰ and -7. fluxes (-12.99 ± 1.7 ‰ and -93.9 ± 14.0 ‰). The use of Niamey's data for these two lakes was previously used on the Lake
Chad by Bouchez et al. (2016) , and is justified by the strong correlation between the δ
18
O measurements in Niamey and the LMD-ISO model outputs for the sahel band (Tremoy et al., 2012) . The resulting range of uncertainty is illustrated in Fig.8 in the case of Iro, and listed in Table 1 for Ihotry and Fitri.
5 δI: The assumption of δI ≈ δP is much more questionable for large catchments where the isotopic composition of the rivers may be more or less marked by evaporation. In the case of lake Iro and Fitri, in absence of isotopic data for their main river inflows of lake Iro and Fitri, we chose the most depleted groundwater value, close to the intersection between the GMWL and the LEL, as our first-guess estimate for δI. This constitutes a minimum value and thus gives a maximum result for E/I (Table 1) . However, recent studies of the Chari-Logone have shown that the weighted annual average composition of the river Assuming a similar shift for the Bahr Salamat and Batha, and estimating again the uncertainty from the averages weighted by the river fluxes, we obtain lower E/I values of 0.65 ± 0.3 for Iro and 0.41 ± 0.2 for Fitri (green circle in Fig.8 , Table 1 ), which thus constitute our preferred estimate, until further characterization of these rivers.
Water balance at the catchment scale
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In parallel of the characterization of the lakes hydrological regime, it is also important to evaluate possible hydro-climatic inferences on their catchment, especially for the influence of evaporation and transpiration on the water balance.
At this scale, we underlined the existence of the three different LEL, close but distinct from each other for the three subcatchments (Tchad, Iro and Fitri), which thus constitute independent entities. The parallel slopes in δ 2 H versus δ
18
O can be readily explained by a similar set of values for the different parameters of the Craig and Gordon model at the catchment scale.
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On the other hand, interpreting the different intercepts for the three evaporation lines is less straightforward.
The first assumption that comes to mind is to assign a specific rainfall isotopic composition to each catchment, corresponding to the intercept with the GMWL. This implies that small climatic mean differences exist between the catchments, that remain stable at the catchment scale on time scales comparable to the water residence time. Such differences could be attributed to different orographic effects among the catchments, or to a North-South gradient (Terzer et al., 2013) . This interpretation can be However, an alternative hypothesis could be to ascribe the difference to a different partition between transpiration and evaporation in the different catchments. An attribution method based on solving the three end-members equation between transpiration (T), evaporation (E), and outflow (Q), using the property that T does not fractionate the isotopes of water, while E induces a 30 strong fractionation (Gibson et al., 2008; Jasechko et al., 2013) .
The solution of the equation for a steady state catchment without additional inflow from upstream, is : growth cycle is out of phase with precipitation, the calculation does lead to different values between δ T and δ P . This is indeed the case for the N'Djamena IAEA station data set, as illustrated in Fig.9 . We observe a large variation from -10 ‰ to +10 ‰ in δ
18
O between the beginning and the end of the rainy season, the heavy rainfall between July and August being the most depleted due to the amount effect (Dansgaard 1964) . The NDVI is lagging rainfall by about a month, and δ T and δ P (assuming interception value between Iro MWL and the GMWL is δ P ) are thus significantly different (-1 ‰ versus ≈-3 ‰ in δ
O).
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Moreover, the seasonal cycle of δ P may explain the apparent disconnection between the lake and the aquifer at Fitri, if the aquifer is preferentially recharged by these heavier summer rains, thus imprinted by their more depleted signature.
The mass balance consequence of the difference between δ T and δ P is then that the composition of the water entering the lake-aquifer system (δ I ) is different from δ P , as observed for Iro and Fitri. In principle, the T/P ratio could be calculated from this difference (0.37 for Iro and 0.43 for Fitri). However this result is clearly strongly model-dependent, based on the type 15 of assumption adopted to estimate δ T , directly related to the assessment of water depth removal by the vegetation and thus residence time within the soil before respiration (Dawson, 1996) .
Alternatively, the approach of Jasechko et al. (2013) was to solve equation 9 using values measured at the catchment outlet for Q, and at local weather stations for P. The results are presented in table 2 for the three lakes studied here, and illustrated in half of the water balance of the catchment in every scenario (0.42 < T/P < 0.56). However, a closer examination of the weight of the different terms in equation 9 stresses the limitations of this method already highlighted by several authors (Schlaepfer et al., 2014; Jasechko et al., 2013; Coenders-Gerrits et al., 2013) . First, using the lake isotopic composition as a representative value for the entire surface water of the whole catchment is highly speculative: indeed, the balance between evaporation and 25 runoff is very unlikely to be the same between the lake itself and the soil and streams water of the watershed. Moreover, the water fluxes transiting through the lakes represent only a small fraction of the rainfall falling on the entire catchment (<1 %, 10 % and 3 %, respectively, for Iro, Fitri and Ihotry). We can illustrate the strong sensitivity of the calculated T/P ratio upon the δ L value: for example, if the mean isotopic composition of aquifer is taken as representative value in the case of Iro, instead of that of the lake, the T/P ratio increases from 0.42 to 0.77. By comparison, the δ T value is a much less stringent parameter in 30 this case.
This representativeness problem is even more clearly illustrated by the Fitri catchment. We have shown above that the value of δ L , and thus of δ E , correspond to E/I = 0.4. It is thus incoherent to associate this value of δ L with a Q value of zero, typical of an endorheic basin, and this shows that the results obtained on the lake cannot be extrapolated to the catchment scale. Finally, another serious problem appears for the catchment of a closed-system lake, as Ihotry, for which equation 9 becomes:
In this case, as discussed above, the water balance implies that δ I = δ E . We are thus faced again with a simple mixing equation between P, T and I, the solution of which is totally subordinated to the choice of δ T , and even becomes totally undetermined in the case of δ T = δ P .
6 Conclusions
Our study illustrates the possibility of obtaining quantitative constrains on isolated inter-tropical lakes, in absence of hydrological monitoring, by coupling dry season isotopic data with satellite imagery. We validated the method on lake Ihotry in Madagascar, by confirming the closed-system behavior of this endorheic lake.
For lake Iro and Fitri, two sub-catchments in the lake chad basin, we obtained E/I ratios of 0.6±0.3 and 0.4±0.2, and evaluated 10 a maximum range of uncertainty depending on the choice of parameters values.
For both cases, the model inflow rate is on the same order as the flow measured upstream, on the Bahr Salamat for Iro and on the Batha for Fitri. For the latter, there is no identified surface outflow, the outflow is thus necessarily feeding the groundwater reservoir. In both cases these water fluxes represent a small part of the total precipitation on the basin (<1 % and 10 %).
These model E/I ratios and water fluxes are coherent with the freshwater character of these lakes, as for the southern pool of 15 the lake Chad itself, in spite of the high evaporation rate of the Sahel region.
In terms of isotopic composition, the three sub-catchments show distinct evaporation lines with similar slopes but slightly different intercepts. The mean rainfall composition at N'Djamena for 1962-2015 plots on the line of lake Chad data. The data from the lake and from the surrounding groundwater plot on the same line for Iro, while they are slightly offset for Fitri,
20
suggesting some disconnection between surface and aquifer waters in this second case. These differences may be attributed to small climatic variations between the catchments. An alternative explanation can be the contribution of the rain to groundwater recharge and river runoff along seasonal variations. This can be the consequence of the isotopic partitioning between evaporation and transpiration fluxes at the catchment scale. Both assumptions would deserve regular monitoring of the lakes and regional precipitation.
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Our results on the two Chadian lakes and on lake Ihotry enable us to test the method proposed by Jasechko et al. (2013) to estimate vegetation transpiration fluxes at the catchment scale. Although broadly compatible with the conclusion that transpiration dominates the water balance of these catchments, the results can only be considered as semi-quantitative, owing to the large uncertainties resulting from the questionable representativeness of the lakes for the total surface water of the catchment, especially for endorheic and closed basins like Fitri and Ihotry. In particular, this method does not permit a detailed comparison 30 between sub catchments under different climates.
As a whole, this study confirms the great interest of these lakes as miniature analogs of the lake Chad itself, as shallow fresh-
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Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-86 Manuscript under review for journal Hydrol. Earth Syst. Sci. The evaporation isotopic composition is classically calculated by using Craig and Gordon model (Craig and Gordon, 1965) :
δ L is the lake isotopic composition, δa is the atmospheric isotopic composition and h the relative humidity in %. α is the equilibrium fractionation factor between liquid water and water vapor, and depend on temperature. Some authors proposed 10 closed formulas depending on temperature (Majoube, 1971; Horita and Wesolowski, 1994) . * is the total fractionation coeffi-
K is the kinetic fractionation : K = C K (1 − h). C K can be calculated as a function of turbulent parameters : K = θ.n.C D . With n=0.5 for an average turbulent flow (Gonfiantini, 1986) . C D has been experimentally determined by Merlivat (1978) :
.1 ‰. θ can be equal to one for a small water surface, where evaporation fluxes don't 15 disrupt air humidity. It has been demonstrated that θ = 0.88 for American northern lakes and θ = 0.5 for mediterranean see (Gat et al., 1994; Gat, 1995 Gat, , 1996 . For this study we chose θ = 0.5 as used for lake Chad and discussed in Bouchez et al. (2016) . It is constituted by two main catchments : the Chari-logone feeding the lake Chad (blue) and the Batha feeding the lake Fitri (orange). The Bahr Salamat (green) is a sub-catchment of the Chari-logone and feeds the lake Iro. Data from three meteorological stations (red triangles)
have been used for this study.
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Hydrol. Earth Syst. Sci. Discuss., https://doi.org /10.5194/hess-2018-86 Manuscript under review for journal Hydrol. Earth Syst. Sci. B a t h a (Fontes, 1970) Southern Pool (Bouchez, 2015) Chari Logone (Bouchez, 2015) weighted rainfall (N'Djaména) cal.dD vs cal.d18O ∂L-closed Figure 6 . Purple triangles are the lake Ihotry isotopic composition over a year, and the purple diamond are the atmospheric isotopic composition (δa) over a year (the colored one represent the δa weighted average). δP is the rainfall isotopic composition above lake Ihotry and δriver is the Befandriana river isotopic composition which is feeding the lake Ihotry. The pink star represents the δ L−closed calculated according (Fontes, 1970) Southern Pool (Bouchez, 2015) Chari Logone (Bouchez, 2015) GMWL Lake Fitri Lake Iro Fitri aquifer Iro aquifer Northern Pool (Fontes, 1970) Southern Pool (Bouchez, 2015) Chari Logone (Bouchez, 2015) GMWL value, and the green polygon is the associated uncertainty. δa is the mean annual value (Jasechko et al., 2013) weighted by evaporation flux (DREM data) and δI is the Chari-logone mean annual value weighted by flow rate (Bouchez et al., 2016) . The red point represents the δ L−closed and E/I values for δI taken at the intersection between Iro's LEL and the GMWL. The grey polygon represents the E/I uncertainties by taking h±5%.
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Hydrol. Earth Syst. Sci. Discuss., https://doi.org /10.5194/hess-2018-86 Manuscript under review for journal Hydrol. Earth Syst. Sci. Green and orange data represent the NDVI (Normalized Difference Vegetation Index) evolution over a year. For both catchments, a one month delay between the maximum precipitation and the maximum NDVI is observed. c) The grey bars represent the monthly average precipitation. The blue points represent the precipitation isotopic signature evolution (δ 18 O) month by month and the green line is δI (taken at the intersection between GMWL and LEL). The maximum of precipitation correspond to a depleted isotopic signature (Dansgaard effect).
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Hydrol. Earth Syst. Sci. Discuss., https://doi.org /10.5194/hess-2018-86 Manuscript under review for journal Hydrol. Earth Syst. Sci. Figure 10 . the green and orange circles represent respectively Iro and Fitri groundwater and triangles are lake water. δI is the water entering the system for Iro surface and groundwater and for Fitri surface water only. δP is the weighted annual rainfall at N'djamena and δT is the transpiration isotopic composition calculated according Jasechko et al. (2013) . δa represents the minimum and the maximum value of atmospheric isotopic composition and δE is the minimum and the maximum value of evaporated isotopic composition calculated according Table 2 . Values used for transpiration calculation according to equation 9 for the three lakes study. Other data from Lake Chad come from (Bouchez et al., 2016) , and data from Ihotry are from (Vallet-Coulomb et al., 2008 
